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Abstract 
Laser Metal Deposition (LMD) is a route that involves the spraying of metallic powders onto a substrate with the application of 
beam of light. The deposition of titanium alloy (Ti-6Al-4V) with five weight percent (5 wt %) of copper (Cu) has been explored 
and characterized through the developing microstructures and microhardness. A constant scanning speed of 0.3 m/min and laser 
powers varied between 400 W and 1600 W were used for the process parameters. The Widmanstatten structures were even at low 
laser powers and later increased in their coarseness and propagate further as the laser power increases; and the occurrence can be 
attributed to the further increase in the heat input from the top of the clad to the substrate and the slow cooling rate within the 
cladded zone of the composites. A typical sample D4 deposited with a laser power of 1000 W exhibits the highest hardness value 
of 541 ± 88 HV0.5 while sample D2 deposited at a laser power of 600 W depicts the lowest hardness value of 448 ± 58 HV0.5. The 
properties of the Ti-6Al-4V-Cu alloys have been improved and can be recommended for marine application. 
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1. Introduction 
LMD process is a combination of laser beam and powder(s) controlled at different process parameters to 
form a solid alloy. The surface integrity of titanium and its alloy has been modified with the addition of one or two 
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alloying compounds. These modifications have provided the alloy with improved physical and mechanical 
properties [1-4]. The combination of the physical, mechanical, and corrosion resistance properties have made the 
alloy a good and desirable product for the aerospace, marine, medical, energy and automotive industrial services [5-
9]. Alpha-beta (α/β) phase microstructures can possess better ductility and fatigue strength but with a compromised 
high temperature strength and creep [10]. A desired microstructure can be obtained through thermo-mechanical 
processing like the basket weave microstructure achieved from the heat treatments in the β-phase field [11, 12]. The 
addition of copper (Cu) to titanium alloys allows the manipulation of the mechanical properties through age 
hardening [13]. The effect of Ti-2.5Cu alloy in wt % over the commercially pure titanium Ti was utilized through 
precipitation strengthening mechanism [14]. An effort was made to improve the compressive strength as well as the 
hardness of titanium alloys by utilizing the precipitation hardening technique in an experiment conducted to 
ascertain the performance of Ti-6Al-1.5V-2.5Cu in comparison to a standard titanium alloy (Ti-6Al-4V) [15]. Less 
than 2 wt % of Cu was added to Ti-48Al-2Cr-2Nb alloy to improve the resistance to oxidation. It was reported that 
the presence of Cu reduces the concentration of chromium and enhances the protective alumina layer on the surface 
of the alloy [16]. The microstructures of the laser deposited Ti-6Al-4V composites were observed to have a fine and 
coarse globular alpha phase at the heat affected zone. Their formation was as a result of the increase in laser power 
and this effect led to the increase in the hardness value [17]. The analyses of the mechanical properties and the 
microstructure of a heat treated Ti-6Al-4V samples were conducted and examined. The alloy sample shows a full 
acicular martensitic microstructure. After the heat treatment, the microstructure of the deposited alloy was found to 
have a fine martensitic structure and a needle like of  and  in the mixture. Grain growth was also observed when 
cooled in furnace which was as a result in the formation of  lamellar [18]. Suitable process parameters are 
always suggested to produce the parts with better geometrical accuracy [19]. 
 
The motivation for this work is to enhance the surface modification of Ti-6Al-4V alloy with the addition of 5 wt % 
of Cu to improve the mechanical properties in order to prolong their lifespan during service. However, these 
research works therefore study the influence of laser power on the surfacing microstructure and the microhardness 
of the laser deposited Ti-6Al-4V-Cu alloys. Other parameters such as scanning speed, powder feed rate and gas flow 
rate were kept constant. 
 
 
 
Nomenclature 
α/β alpha-beta phase  
LMD laser metal deposition 
 
2. Experimental Setup and Procedures 
The setup of the experiment was prepared at the National Laser Centre, Council of Scientific and Industrial 
Research (NLC-CSIR), Pretoria, South Africa. A 2 kW Ytterbium laser system equipment (YLS-2000-TR) 
connected to a Kuka robot with a three way nozzle attached at its end was used for the operation. Fig 1 shows a 
typical Kuka robot with the deposition task.  
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Fig. 1. Schematic view of a laser system 
 
The laser is a diode pumped laser incorporated with dual core fiber optic cables of 400 microns to allow the laser 
beam to be delivered on the substrate via the robot delivery device. The nozzle is connected to the arm’s end 
effector. The laser system produces a wavelength which radiates at 1.047 with a better efficiency output. The 
laser passes through the middle of the nozzle while the powders flow through a three way holes connection. 
 
2.1 Materials and methods 
 
Ti-6Al-4V alloy and Cu powders were the two powders used for the experiment. The particle sizes of the powders 
varied between 150 and 200 µm. The powders were fed separately from two different hoppers attached to the 
powder feeder equipment. An argon gas was supplied to provide a shield during the operation to prevent oxygen 
contamination on the deposited alloy. 
A metallic plate of Ti-6Al-4V alloy with dimension of 102 X 102 X 7.45 mm3 was used for the substrate. The 
substrate was grit-blasted before powder deposition to purify the surface and enhance its roughness for firm 
metallographic bonding. The experimental matrixes used in this study are shown in the Table 1.  
 
    Table 1.Experimental matrix 
Sample 
Name 
Laser Power 
(W) 
Scanning Speed 
(m/min) 
Powder Flow rate 
(rpm) 
Gas Flow rate (l/min)   
 
Ti6Al4V 
 
Cu 
 
Ti6Al4V 
 
Cu 
D1 400 0.3 2.4 0.1 3 1 
D2 600 0.3 2.4 0.1 3 1 
D3 800 0.3 2.4 0.1 3 1 
D4 1000 0.3 2.4 0.1 3 1 
D5 1200 0.3 2.4 0.1 3 1 
D6 1400 0.3 2.4 0.1 3 1 
D7 1600 0.3 2.4 0.1 3 1  
 
The samples were designated from D1 to D7. Throughout the experiment, a constant scanning speed (SSp) of 0.3 
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m/min was used while the laser powers (LPw) were varied between 400 W and 1600 W. The beam diameter and 
track length were maintained at 4 mm and 5 mm respectively. The deposited samples were sectioned laterally and 
each cut samples was mounted in poly fast prior to further characterization. The samples were ground, polished and 
etched according to E3-11 ASTM [20] standard guide for preparation of metallographic specimens. Fig 2 shows the 
Ti-Cu binary diagram. 
 
 
 
Fig. 2. Ti-Cu binary diagram [21] 
 
The atomic and weight percent of Cu are depicted with respect to different temperatures on the phases of titanium-
copper alloys.  
 
 
2.2 Microstructure 
 
The Kroll’s reagent was used as the etchant and was prepared with 100 ml H2O, 2-3 ml HF and 4-6 ml HNO3 
respectively. Each sample was etched for 15 seconds and rinsed with water prior to optical observation. The 
microstructures of the samples were observed under the BX51M Olympus microscope at low and high 
magnifications. The SEM morphologies of the two powders used were also taken into consideration. 
 
 
2.3 Hardness Tests 
 
The microhardness test was conducted on each sample from the top of the deposit and making eight indentations on 
the cross-wisely sectioned surface of the deposited alloy. A load of 500 g and a dwell time of 15 seconds were used 
throughout the hardness test according E384-11e1 ASTM standard [22]. 
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3. Results and discussion 
3.1 Microstructural evaluation 
 
During the laser deposition operation, sample D1 deposited with LPw of 400 W and SSp of 0.3 m/min respectively 
was observed to have no deposition of the powders. Only the laser beam left a pattern on the substrate. The LPw of 
400 W used was small with a low heat input for depostion to take place. Deposition occurs and started on sample D2 
with LPw of 600 W and SSp of 0.3 m/min. The laser deposited composite formed on sample D2 was slightly convex 
at the top of the deposit. Most of the grains formed were globular and extended towards the fusion zone (FZn) and 
heat affected zone (HAZn). Slight pores were observed on sample D3 deposited at a LPw of 800 W. Fig 3 (a) to (d) 
depicts the microstructures of sample D4 to D7 under the optical microscope.  
 
 
 
 
Fig. 3. Microstructures of the laser deposited composites (a) sample D4 deposited a LPw of 1000 W and SSp of 0.3 m/min; (b) sample D5 
deposited a LPw of 1200 W and SSp of 0.3 m/min; (c) sample D6 deposited a LPw of 1400 W and SSp of 0.3 m/min; (d) sample D7 deposited a 
LPw of 1600 W and SSp of 0.3 m/min 
 
Fig 3 (a) shows asymmetrically horizontal cracks on sample D4 deposited at LPw of 1000 W. At this point, 
brittleness of the sample sets in which led to the asymmetry cracks towards the middle of the deposited composite. 
Few micro distance from the top of the deposit, long and sharp α-lamellar microstructures were observed growing 
prior β grains. Fig 3 (b) shows the microstructure of sample D5 deposited at LPw of 1200 W and SSp of 0.3 m/min. 
Widmanstatten structures were observed in both α and β phases. The α-lamellar microstructures were increasing in 
size as the LPw increases. The α-Ti and β-Ti are much subjugated in the microstructures. Towards the FZn, the 
Widmanstatten structures are fused and become smaller; and showing an evidence of α-martensite phases. Faster 
cooling rate supports the growth of α-phase and Ti2Cu phase [23]. Although, the Ti2Cu phase is not obvious in the 
OM conducted since the atomic weight of Cu present is 5 %. The binary diagram in Fig 2 explains the trend. Fig 3 
(c) shows the microstructural analysis of sample D6 composite deposited at a LPw of 1400 W and SSp of 0.3 m/min. 
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Towards the top of the deposited composite, backbone-like structures were observed at an angle approximately 60o 
to the horizontal. Columnar grains were also observed between the backbone-like structures and the Widmanstatten 
structures. Fig 3 (d) shows the microstructure of sample D7 composite deposited at a LPw of 1600 W and SSp of 0.3 
m/min. (α+β) lamella were much observed in the microstructure. Different cooling rates can cause the morphology 
of the α-phase to be equiaxed or plate-like and the different features of the α-phase can lead to diverse mechanical 
properties [24]. The Widmanstatten microstructures toward the fusion zone are found thinner and contribute to the 
bond strength that exists between the deposit and the substrate’s interface [25]. 
 
 
3.2 Microhardness characterization 
 
The microhardness characterizations of the Ti-6Al-4V-Cu composites are presented. Fig 4 displays the plot of the 
microhardness values of the Ti-6Al-4V-Cu composites against the laser power between 600 W and 1600 W 
respectively. 
 
 
 
Fig. 4.  Plot of hardness values against the laser power 
 
 
The addition of 5 wt % of copper has greatly improved the microhardness value of the primary Ti-6Al-4V alloy. The 
hardness of sample D1 was not conducted since no deposit was produced as a result of very low input. Sample D4 
deposited at LPw of 1000 W exhibits the highest hardness value of 541 ± 88 HV0.5 while sample D2 deposited at 
LPw of 600 W depicts the lowest hardness value of 448 ± 58 HV0.5. The hardness values were increasing initially 
and up to 1000 W; and declined as the LPw continues to increase. At the LPw of 1000 W, the composite of sample 
D4 revealed asymmetry cracks which were formed horizontally at the middle of the deposit. At low LPw, the grain 
boundaries were globular and this enhances the ductility of the sample. As the LPw increases, there is a loss in 
ductility and later regains its ductility gradually at some point as the LPw continues to appreciate. This phenomenon 
can be attributed to the slow cooling rate exhibited at high LPw. A high density boundary generates more plastic 
deformation that led to a decrease in the material hardness [26]. 
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4. Conclusion  
The laser depositions of Ti-6Al-4V alloy with 5 weight percent of Cu at varying laser powers have been 
accomplished. With all the fascinating properties of the primary alloy, the surface modification needs to be 
improved to enhance its prolonged properties during service. From the top of the modified Ti-6Al-4V-Cu 
composites, long and sharp α-lamellar microstructures were observed growing prior β grains. It was found that as 
the laser power increases, the α-lamellar microstructures decreases in sizes. Widmanstatten structures were also 
observed in both α and β phases. Sample D4 deposited with a laser power of 1000 W exhibited the highest hardness 
value of 541 ± 88 HV0.5 and unveiled asymmetry cracks at the middle of the composite which were as a result of 
loss of plastic deformation and this enhances the brittleness of the sample. The addition of Cu has significantly 
improved the surface modification of the primary alloy and the modified Ti-6Al-4V-Cu composites can be applied 
in the production of both marine and aerospace parts and components. 
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